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Abstract (246 words)

Trypanosoma cruzi is a protist parasite that is the causative agent of Chagas’ disease, a
neglected tropical disease endemic to the Americas. T. cruzi cells are highly polarized
and undergo morphological changes as they cycle within their insect and mammalian
hosts. Work on related trypanosomatids has described cell division mechanisms in
several life-cycle stages and identified a set of essential morphogenic proteins that serve
as markers for key events during trypanosomatid division. Here, we use Cas9-based
tagging of morphogenic genes, live-cell imaging, and expansion microscopy to study the
cell division mechanism of the insect-resident epimastigote form of T. cruzi, which
represents an understudied trypanosomatid morphotype. We find that T. cruzi
epimastigote cell division is highly asymmetric, producing one daughter cell that is
significantly smaller than the other. Daughter cell division rates differ by 4.9 h, which may
be a consequence of this size disparity. Many of the morphogenic proteins identified in T.
brucei have altered localization patterns in T. cruzi epimastigoes, which may reflect
fundamental differences in the cell division mechanism of this life cycle stage, which
widens and shortens the cell body to accommodate the duplicated organelles and
cleavage furrow rather than elongating the cell body along the long axis of the cell, as is
the case in life-cycle stages that have been studied in T. brucei. This work provides a
foundation for further investigations of T. cruzi cell division and shows that subtle

differences in trypansomatid cell morphology can alter how these parasites divide.
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Author Summary (165 words)

Trypanosoma cruzi causes Chagas’ disease, which is among the most neglected of
tropical diseases, affecting millions of people in South and Central America along with
immigrant populations around the world. T. cruzi is related to other important pathogens
such as Trypanosoma brucei and Leishmania spp, which have been the subject of
molecular and cellular characterizations that have provided an understanding of how
these organisms shape their cells and undergo division. Work in T. cruzi has lagged due
to an absence of molecular tools for manipulating the parasite and the complexity of the
original published genome; these issues have recently been resolved. Building on work
in T. brucei, we have studied the localization of key cell cycle proteins and quantified
changes in cell shape during division in an insect-resident form of T. cruzi. This work has
uncovered unique adaptations to the cell division process in T. cruzi and provides insight
into the range of mechanisms this family of important pathogens can employ to colonize

their hosts.
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Introduction
The Trypanosomatidae family encompasses parasitic species that inhabit a broad range
of hosts including plants, insects, fish, and mammals[1-3]. These parasites tune core
pathways including their metabolism and cell surface proteomes to survive within varied
host environments[4—-6]. Trypanosomatids have also adapted their cellular morphology to
facilitate processes such as evasion of the host immune system, attachment to epithelial
layers, and proliferation within host cells[7,8]. These morphological states have required
adaptations to other essential cellular pathways such as cell division and endocytosis
[9,10]. In recent years, work on the parasites Trypanosoma brucei and Leishmania spp
has uncovered a range of trypanosomatid cell division mechanisms and identified key
regulators, which include conserved eukaryotic proteins and trypanosomatid-specific
components[10,11]. Trypanosoma cruzi, the causative agent of Chagas’ disease, is a
significant human health burden, with over 7 million chronic infections primarily in Latin
America and 50,000 deaths annually[12]. The cellular biology of T. cruzi has not been
studied as extensively as other trypanosomatids, primarily due to the complexity of the
original sequenced genome and the lack of tools such as RNAi to probe essential gene
function[13,14]. Recent genome sequencing of several T. cruzi strains and the
development of Cas9 editing systems have remedied many of these problems [14-17].
Trypanosomatids share a set of organelles that facilitate infection and subsequent
survival within their hosts[18]. As part of the Kinetoplastea class, trypanosomatids have
a mitochondrial DNA aggregate known as the kinetoplast that duplicates asynchronously
from the nucleus[1,19]. A single flagellum nucleates from a basal body docked to an

invagination of the cell surface known as the flagellar pocket, which in some life-cycle
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82 stages serves as a key endocytic and exocytic compartment that is crucial to host immune
83 evasion [9,20]. The flagellum traverses the pocket and then emerges onto the cell
84  surface. In some cases, the flagellum is attached laterally along the cell surface via a
85  series of junctional complexes known as the flagellum attachment zone (FAZ), while in
86 others the flagellum is detached from the cell surface [21,22]. Cells with free flagella still
87 retain a small FAZ segment near the neck of the flagellar pocket (Fig 1) [23]. A subset of
88 trypanosomatids have a separate tube-shaped endocytic membrane compartment
89 flanked by a set of cytoplasmic microtubules with an opening next to the flagellar pocket,
90 known as the cytostome-cytopharynx[24,25]. Nearly all trypanosomatids have a set of
91 subpellicular microtubules underlying the plasma membrane that persists throughout the
92 cell cycle and is responsible for shaping the cell body [26,27]. These microtubules are
93  heavily crosslinked to each other and to the plasma membrane.
94 Trypanosomatids assume a wide range of cell morphologies as they cycle within
95 their host environments. In the bloodstream of their vertebrate hosts, many
96 trypanosomatids assume a trypomastigote morphology, with the kinetoplast, flagellum,
97 and flagellar pocket on the posterior side of the nucleus, near the cell posterior [1,19].
98 The flagellum is attached to the plasma membrane by an extended FAZ. It has been
99  proposed that this morphology is optimized for motility in crowded, high-viscosity solutions
100 such as blood [28,29]. T. brucei and T. cruzi bloodstream forms assume a trypomastigote
101  morphology, while Leishmania assume a promastigote morphology, where the
102  kinetoplast, flagellar pocket, and minimally attached flagellum are on the anterior side of
103  the nucleus [30]. At certain locations within the insect host, T. brucei and T. cruzi adopt

104  an epimastigote morphology, with the kinetoplast and flagellum positioned on the anterior
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105 side of the nucleus and a segment of attached flagellum extending towards the anterior
106 end of the cell [31-33]. This morphology is thought to be optimal for attachment to
107  epithelial surfaces, which is a common part of the insect infection stages (Fig 1).
108 Trypanosomatids remain polarized throughout their cell cycle, which has required
109 morphotypes to adapt the mechanisms used for duplicating and positioning organelles
110  during cell division to suit their specific needs [7].

111 In this work, we have studied the cell division of T. cruzi epimastigotes using
112  quantitative morphometrics and epitope-tagged proteins that are important cell cycle
113  components in T. brucei. We show that the epimastigote cell body widens and shortens
114  as it divides, suggesting that the cell division mechanism in this form is more similar to
115 the process in Lieshmania promastigotes. Epimastigote cell division appears highly
116 asymmetric, as the daughter cell inheriting the new flagellum is smaller than the old-
117  flagellum daughter. Using live-cell imaging, we show that the rate of daughter cell
118 divisions differs by nearly 5 h, which suggests that the asymmetry may result in one
119  daughter cell taking longer to complete a subsequent round of division. The construction
120 of a new posterior end recruits many of the cell cycle regulated proteins seen at the tip of
121 the new FAZ in T. brucei, along with tubulin posttranslational modifications usually
122 confined to the FAZ. These results provide a framework for describing the cell division
123  mechanism in the T. cruzi epimastigote, which is a common morphology found in many
124  trypanosomatids that has not been studied in detail previously.

125

126 Results
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127 The cell division mechanism trypanosomatids employ is influenced by the
128 arrangement of the organelles within their specific morphotype [7]. The maturation of the
129  probasal body and assembly of the new flagellum are usually the earliest events, followed
130 by the assembly of a new FAZ, the duplication of the pocket and kinetoplast, and finally
131 nuclear duplication [10,34]. The subpellicular array must also be enlarged to
132 accommodate the duplicating organelles and to situate them within the cell body so that
133 cytokinesis will produce two daughter cells with the correct complement and arrangement
134  of organelles [35]. Cleavage furrow ingression initiates from the anterior end of the cell
135 body and moves towards the posterior end to complete cell division. In T. brucei
136  trypomastigotes, lengthening of the cell body is the primary means of accommodating
137 duplicated organelles and positioning them for inheritance; Leishmania promastigotes
138 widen their cell bodies while simultaneously shortening them [36,37]. It has been
139  speculated that the extended segment of attached flagellum in trypomastigotes may limit
140 their ability to widen their cell body, which has led to the lengthening mechanism [7]. The
141  T. cruzi epimastigote form, which has an attached flagellum like trypomastigotes but an
142  anterior-located flagellar pocket and kinetoplast, could provide insight into the effect of
143  flagellar attachment on cell division.

144 We employed Y-strain epimastigotes constitutively expressing Streptococcus
145  pyogenes Cas9 and T7 polymerase to tag genes at their native loci with three copies of
146 the Ty1 epitope fused to mNeonGreen, which allowed us to observe the native
147  fluorescence of the tagged protein or to employ anti-Ty1 antibodies for detection
148 [14,17,38-40]. We selected marker proteins based on recent work in T. brucei and

149  Leishmania that identified “landmark” proteins that provide bright signal as mNeonGreen
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150 fusions for a range of cellular compartments [41]. For each protein, we tagged the
151 terminus that yielded the brightest signal based on the TrypTag whole-genome tagging
152 database [42]. The Cas9-T7 expressing epimastigotes were nucleofected with guide
153 DNAs containing a T7 promoter to produce a guide RNA targeting one terminus of the
154  gene of interest and a healing template that introduces the 3X-Ty1-mNeonGreen tag, an
155 intergenic region, and a selection marker. We tagged a series of proteins that localize to
156 the FAZ, extending new FAZ, basal body, and cell posterior in T. brucei trypomastigotes
157 to determine if their localization was similar in T. cruzi epimastigotes and to use these
158  marker proteins to study the mechanism of cell division in this morphotype.

159 We first observed the FAZ using 3X-Ty1-mNeonGreen::FAZ25 (TcYC6_0125610)
160 and the monoclonal antibody 1B41, which labels the FAZ in T. brucei. The 1B41 antibody
161 is thought to label a novel post-translational modification (PTM) of beta tubulin present in
162  the segment of the MtQ that is adjacent to the FAZ filament [43,44]. We noted that FAZ25
163  was present in a single thin structure underlying the flagellum, as would be expected for
164 the FAZ in epimastigote-form T. cruzi (Fig 2) [45]. The 1B41 signal generally colocalized
165 with FAZ25, but we observed additional 1B41-positive structures in dividing cells. Early
166  cell cycle cells containing one Nucleus and one Kinetoplast (1N1K) could be separated
167 into two populations: smaller cells with a short FAZ and a separate 1B41 focus at the cell
168  posterior (Fig 2A), and larger cells with a longer FAZ and no posterior 1B41 labeling or a
169 much less intense signal than the shorter 1IN1K cells (Fig 2B). Upon initiation of new FAZ
170 assembly, a small structure was observed in both the FAZ25 and 1B41 channels on the
171  ventral side of the old FAZ. The 1B41 punctum at the cell posterior, which was frequently

172 much brighter than the 1B41 signal at both the old and new FAZ, became visible at this
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173 point (Fig 2C, 2D). In 2N2K cells with ingressing cleavage furrows, the posterior 1B41
174  punctum marked the last point of connection between the daughter cells (Fig 2E). The
175 new-flagellum daughter appeared to be significantly smaller than the old-flagellum
176  daughter in cells that were about to complete cytokinesis. Because of this asymmetry, we
177  propose that the small 1N1K cells with the bright 1B41 puncta are likely to be new-
178 flagellum daughter cells that have just completed cytokinesis. These smaller cells do not
179  appear to enter cell division in their current state, which suggests that they grow in size
180 and lose their 1B41 puncta over time prior to initiating cell division. The longer 1N1K cells
181 lacking the 1B41 puncta are likely to be a mixture of the old-flagellum daughter cells and
182 the new-flagellum daughter cells that have undergone subsequent growth after the
183  completion of cell division. This would also suggest that the 1B41 punctum is inherited
184 asymmetrically, with the new-flagellum daughter cell retaining the bulk of the signal (Fig
185  3A). This asymmetric inheritance is similar to what is observed in the partitioning of the
186 flagella connector in procyclic T. brucei cells, which allowed the definitive identification of
187 the new- and old-flagellum daughter cells after the completion of cell division [46].

188 The novel localization pattern of the 1B41 antibody in T. cruzi suggests that the
189  cell posterior is transiently modified with a tubulin PTM during cell division that is usually
190 confined to the MtQ segment adjacent to the FAZ filament in T. brucei. The posterior end
191 contains many of the plus ends of the subpellicular microtubules, which could be
192  specifically targeted by PTMs as part of the construction of the new cell posterior during
193 cell division [26]. We labeled T. cruzi with antibodies that detect tubulin tyrosination,
194  acetylation, and two forms of glutamylation to determine if they have similar labeling

195 patterns to 1B41 in dividing cells, which could indicate that they are labeling the same
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196  tubulin PTM (S1 Fig). The YL1/2 antibody, which detects tyrosinated tubulin that is added
197  to growing microtubules, labeled the cell posterior, the posterior part of the subpellicular
198 array, and the basal body [47—-49]. The GT335 antibody, which labels polyglutamate
199 chains of all lengths, and IN105, which labels polyglutamate chains at least three units in
200 length, both labeled the entirety of the subpellicular array, including the flagellum [50,51].
201 The 6-11B-1 antibody, which labels acetylated tubulin, labeled the entirety of the array
202 and the flagellum [52]. Considering the broad distribution of these antibody signals across
203  multiple structures that lack 1B41 signal, it is likely that the 1B41 epitope is not attributable
204  to tubulin tyrosination, acetylation, or glutamylation.

205 We performed a quantitative analysis of the cell cycle stages we established using
206 the localization patterns of FAZ25 and 1B41 to measure how T. cruzi changes as it
207 divides. We employed a statistical method that relies on an asynchronously dividing
208 culture to establish the length of time that cells spend in different states [53,54]. This
209 approach relies on a precise measurement of parasite doubling time, which we assessed
210 for our Cas9-T7 cell line over the course of 9 d. We found a persistent doubling time of
211 221 h, which we used along with the number of cells in each of our FAZ25/1B41
212  categories to define the epimastigote cell cycle (Fig 3B and 3C). T. cruzi epimastigotes
213 spend 80% of their time as one Nucleus, one Kinetoplast, and one Flagellum (1N1K1F)
214  cells, representing 17.6 h of the cell cycle. New- and old-flagellum daughter cells
215 containing the 1B41 posterior puncta account for 6% and 4.4% of the cell population,
216 respectively (Fig 3C). New flagellum and FAZ growth initiates from a point on the ventral
217  side of the cell next to the existing FAZ and flagellum. The 1B41 puncta appears at this

218 time as well. The briefest window of the cell cycle occurs after kinetoplast duplication and
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219  prior to nuclear duplication (1N2K), which represents just under 30 min. It should be noted
220 that at this stage the T. cruzi kinetoplasts label brightly with DAPI and are in close
221  proximity to one another, making it difficult to clearly determine when the cells reach the
222 2K state. Consequently, the number of cells we identified as 1N2K2F, and therefore the
223 length of time the cells spend in this state, is likely an underestimate. T. cruzi spends
224  considerably longer in the 2N2K2F stage; almost all of these cells have an ingressing
225 cleavage furrow, which suggests that cytokinesis initiates rapidly after the completion of
226  karyokinesis (Fig 3D).

227 We also monitored the morphologic changes that occur in epimastigotes as they
228 divide. We measured the width of the cell along its shortest axis and the overall cell length
229 including the extension of the flagellum and the cell body alone. We also measured the
230 distances between the cell posterior and the kinetoplast and nucleus, along with the
231  lengths of the flagellum and FAZ (Fig 4A). We noted that the cell body length and the
232  distances between the nucleus and kinetoplast and the posterior end of the cell decline
233  towards the end of cell division while the overall width of the cell body increases (Fig 4B-
234  E, 4H). The cell body shortening seems to be restricted to the cell posterior as the old
235 FAZ and flagellum lengths remain unchanged (Fig 4F and 4E). The cells that we
236  previously identified as small with a bright 1B41 punctum at their cell posteriors were
237  shorter than 1IN1K1F cells lacking puncta or with weak puncta labeling, which suggests
238 that the new-flagellum daughter cells are significantly shorter than the old-flagellum
239  daughter cells right after completing cytokinesis.

240 We focused on the difference between the new and old FAZ and flagellum lengths

241 as an indicator of the asymmetry present during the late stages of cell division (Fig 5A).
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242  The new FAZ averages 2.2 microns in cells that are undergoing cytokinesis, while the old
243  FAZ remains approximately 12 microns long throughout cell division, showing the
244  extreme asymmetry between the inherited structures (Fig 4F and 5B). The difference
245  between the length of the old and new flagella was smaller, with new flagellum lengths at
246  the latest stages of cell division reaching 9 microns, compared to 18 microns for the old
247 flagellum (Fig 4G and 5C). This result strongly suggests that most of the asymmetry
248  observed during T. cruzi epimastigote cell division is attributable to the construction of a
249  smaller new cell body that is inherited by the new flagellum/FAZ daughter. The new
250 flagellum daughter cell must then increase its cell body length and extend the FAZ prior
251  to initiating another round of cell division (Fig 5D and 5E).

252 We labeled the parental Y-strain T. cruzi line with 1B41 and quantitated its cell
253  morphology to confirm that the posterior punctum 1B41 signal and the asymmetric cell
254  division we observed was not due to the presence of Cas9 and T7 polymerase in our
255  tagging cell line. We found that the parental strain also has the posterior 1B41 signal and
256 widens and shortens over the course of cell division (S2 Fig). We also noted the
257 asymmetry between the new flagellum and old flagellum daughter cells during the late
258 stages of cytokinesis, and that 1N1K cells with the posterior 1B41 punctum were
259  significantly smaller than 1N1K lacking the punctum. We also labeled Brazil A4 strain T.
260 cruzi epimastigotes with 1B41 and saw the posterior punctum and asymmetry in the
261 daughter cells during division, which suggests that these features are generally
262  conserved among different T. cruzi strains.

263 We next tagged the protein SAS-6 (TcYC6_0070700) to gain insight into the basal

264  body duplication cycle in T. cruzi. In T. brucei, TbSAS-6 is present at both the pro and
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265 mature basal body throughout cell division [55,56]. We tagged TcSAS-6 with 3X-Ty1-
266 mNeonGreen and followed its localization over the cell cycle with 1B41 as a colabel (Fig
267  6). TcSAS-6 labels both the pro and mature basal body in 1TN1K1F cells containing the
268 posterior 1B41 puncta, denoting cells that had just recently completed cell division.
269  Curiously, we noted in 1N1K cells that had produced a new flagellum (arrowhead) and
270  were developing a new 1B41 punctum still only had two TcSAS-6-positive structures. In
271 T. brucei, cells with two flagella have four TbSAS-6-positive structures, reflecting two
272  pairs of pro and mature basal bodies. At later points in cell division, we noted cells with 3
273  and 4 TcSAS-6-positive structures, suggesting that SAS-6 is eventually incorporated into
274  all of the basal bodies (Fig 6A). We used the pan-centrin antibody 20H5 as another
275 marker that should persistently label both the pro and mature basal body [57]. In cells
276  colabeled for TcSAS-6, we were able to observe 20H5-positive basal bodies at the base
277  of the flagella in dividing cells that lacked SAS-6 labeling, showing that the absence of
278 TcSAS-6 did not impact other persistent basal body markers (S3A Fig). As another
279  control, we looked at the intrinsic fluorescence of the mNeonGreen appended to TcSAS-
280 6 to make sure that antibody accessibility was not limiting our ability to detect all the SAS-
281 6 present in the cell. The mNeonGreen fluorescence followed the same pattern as
282  observed by immunofluorescence (S3B Fig).

283 We employed ultrastructure expansion microscopy (U-ExM) coupled with SoRa
284  super-resolution imaging to better characterize the localization pattern of TcSAS-6 in T.
285 cruzi (Fig 6B) [58-60]. U-ExM provides an approximately 5-fold enhancement in
286  resolution that is further enhanced by V2 past the light limit with SoRA, which also

287  provides confocal sectioning [61]. We used anti-Ty1 labeling for TcSAS-6 and the TAT1
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288  anti-tubulin antibody to label the flagellum, basal body, the microtubules associated with
289 the cytostome, and subpellicular array [62]. In the expanded samples, we were able to
290 clearly identify pro and mature basal bodies at all stages of cell division. We observed
291 TcSAS-6 labeling of both the pro and mature basal body in cells with a single flagellum.
292 In cells that had just begun to duplicate the basal body, which can be identified by the
293 rotation of the maturing probasal body to facilitate docking with the flagellar pocket
294 membrane, the two TcSAS-6 puncta were no longer associated with the barrel of the pro
295 or mature basal body, but appeared to be adjacent in two discrete foci. There were still
296 two SAS-6 puncta associated with the duplicated basal bodies in cells that had begun to
297 divide that contained a short new flagellum, but the puncta were found exclusively on both
298 probasal bodies. There was no TcSAS-6 signal on the mature basal bodies that nucleated
299 the old and new flagella. At later stages of cell division, which we could identify by the
300 increased length of the new flagellum, we could observe SAS-6 signal restored to the
301 mature basal bodies, which is consistent with our immunofluorescence results (Fig 6B).
302  With the additional resolution provided by U-ExM and SoRa imaging, we noted that the
303 TcSAS-6 signal on the probasal body is actually two distinct puncta at this stage of cell
304 division, one that appears to be associated with the base of the probasal body and
305 another punctum on the side of the probasal body at the approximate midpoint of the
306 structure. These results suggest that SAS-6 levels decline significantly at the mature
307 basal body in T. cruzi during cell division and that this decline may be linked to basal body
308 duplication.

309 Proteins that transiently localize to the tip of the extending new FAZ play an

310 essential role in positioning the cleavage furrow in T. brucei trypomastigotes [10]. Several
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311  cytokinetic proteins are present at the tip of the new FAZ in T. brucei trypomastigotes and
312  are thought to use its extension and position within the cell body to guide the placement
313  of the new cell anterior and designate the starting point for cleavage furrow ingression.
314 Among these proteins is the cytokinetic scaffolding protein TOoTOEFAZ1 (also known as
315 TbCIF1), which is essential for cleavage furrow placement in T. brucei cells [63,64]. We
316 tagged the T. cruzi homolog of TcTOEFAZ1 (TcYC6_0051010) and monitored its
317 localization. In T. brucei, TOoTOEFAZ1 expression is found at the tip of the extending new
318 FAZ and then along the cleavage furrow. In T. cruzi, we noted that all cells, regardless of
319 cell cycle stage, expressed TcTOEFAZ1 (Fig 7). In the early stages of the cell cycle prior
320 tonew FAZ assembly, TcTOEFAZ1 was localized to a short bar-like structure adjacent to
321 the proximal end of the old FAZ. This localization is similar to the position of the new FAZ
322 that appears during the later stages of cell division. In cells that had begun to assemble
323 the new FAZ, TcTOEFAZ1 localized along the length of the new structure, but did not
324 form a focus at the tip as it does in T. brucei. TCTOEFAZ1 is also present at the point
325 where the cleavage furrow ingresses in T. cruzi, which is found between the two flagella
326 (Fig 7A).

327 We employed U-ExM and SoRa imaging to further establish the localization of
328 TcTOEFAZ1, using anti-tubulin as a colabel (Fig 7B). In early cell cycle cells,
329 TcTOEFAZ1 localized to a structure on the ventral side of the new flagellum, along with
330 a small amount of labeling underlying the segment of the old flagellum just as it exits the
331 flagellar pocket. In dividing cells, TCTOEFAZ1 localization appeared to encircle the point
332  where the new flagellum exits the flagellar pocket onto the cell surface. TcCTOEFAZ1 was

333 present at the position of the ingressing furrow, in the area between the new and old
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334 flagellum. We were unable to directly compare TcTOEFAZ1 localization to a FAZ marker
335 because U-ExM imaging does not appear to preserve sufficient signal for 1B41 or FAZ25.
336 The Polo-like kinase (TbPLK) homolog present in T. brucei binds to and
337 phosphorylates TbTOEFAZ1, which is essential for TbPLK localization to the tip of the
338 extending FAZ [65,66]. Recently, a second homolog of TbPLK has been identified in T.
339  brucel, but little is known about its function [67]. We tagged the TbPLK1 homolog in T.
340 cruzi to compare its localization pattern to the T. brucei homolog (Fig 8A). TcPLK1
341 (TcYC6_0047790) was not expressed in cells early in the cell cycle, which is consistent
342  with TbPLK expression patterns in T. brucei. During the early stages of cell division
343  TcPLK1 initially localized to the basal body, as is the case during T. brucei cell division
344  [68]. However, the kinase does not subsequently collect at the tip of the new FAZ, but
345 rather localizes along the length of the old FAZ. TcPLK1 also localizes to the new FAZ
346  once this structure becomes visible. TcPLK1 is subsequently present at the cell posterior,
347 appearing just prior to the 1B41-positive puncta, then colocalizing with it, which
348 represents a novel localization pattern for the kinase in trypanosomatids. TcPLK1 does
349 not appear to track along the cleavage furrow during the latest stages of cell division,
350 which is consistent with its localization in T. brucei trypomastigotes (Fig 8A).

351 In T. brucei, the orphan kinesin TbKLIF plays an important role in the last stages
352  of cell division during the construction of a new cell posterior [69—71]. In T. cruzi, 3X-Ty1-
353 mNeonGreen:: TcKLIF (TcYC6_0055740) colocalized with the 1B41 posterior puncta in
354 cells that had recently completed cell division (Fig 8B). 1N1K cells lacking the puncta no
355 longer had KLIF signal, suggesting that KLIF is downregulated during the early stages of

356 the cell cycle. Once the cells had begun to divide, we were able to observe weak
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357 expression of TcKLIF along the FAZ, followed by localization to the new FAZ and the
358 posterior puncta in cells at later cell cycle stages. In cells undergoing cytokinesis, TcKLIF
359 no longer localized to the FAZ but instead was clearly associated with the position of the
360 ingressing furrow. At the latest stages of cell division, TcKLIF localized to two discrete
361 foci at the cell posterior that appeared to be subdomains of the 1B41 punctum (Fig 8B).
362 This argues that the 1B41-positive punctum may represent a microtubule-containing
363  structure that replicates during the last stages of cell division, perhaps to facilitate the
364  construction of a new posterior end. The levels of TcPLK1 and TcKLIF signal were not
365  sufficient for U-ExM analysis, which creates a 125-fold decline in fluor density.

366 Considering the size difference between the two daughter cells produced during
367 T. cruzi epimastigote cell division, it is possible that there would be a difference in their
368 cell division rates during their subsequent round of division. We recently developed a
369 strategy using agarose microwells that allows us to confine and image trypanosomatids
370 in small volumes without immobilization, which permits the parasites to divide at rates
371 similar to those in bulk cultures [72]. During optimization of our microwell approach for
372 imaging T. cruzi epimastigotes, we found that increasing the height of the wells to 6
373  microns to account for the width of T. cruzi epimastigote cells undergoing cytokinesis
374  provided unimpeded cell divisions, with no loss in viability out to 48 h. We isolated single
375 cells in wells and monitored them until they divided, then tracked the subsequent division
376 rate of the daughter cells (Fig 9A and S1 Movie). Cells divided in the microwells at a
377 faster rate than in bulk cultures, with an average rate of 15.4 h for all the events we
378 observed, compared to 22.1 h in culture. This increased rate may reflect the fact that the

379 agarose microwells do not exchange gas with the environment, which would lead to
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380 decreased oxygen levels within the well over time. Recent work has shown that T. cruzi
381 epimatigotes grow more rapidly in anoxic environments, which is consistent with the
382 conditions within the insect gut that they inhabit throughout their time within this host [73].
383 We found that there was a 4.9 h difference in the rates of daughter cell divisions in
384 epimastigote T. cruzi, with the median first division occurring at 12.8 h and the second
385 division occurring at 17.7 h (Fig 9B and 9C). This difference is larger than what we
386 observed in T. brucei, which suggests that the increased asymmetry in T. cruzi
387 epimastigote cell division leads to a larger difference in daughter cell division rate.

388

389 Discussion

390 In this work, we have studied Trypanosoma cruzi epimastigote cell division using T. cruzi
391 gene editing and components of the parasite cell division apparatus and cytoskeleton that
392 were identified in localization studies conducted in other trypanosomatids. These
393 advances have allowed us to define different T. cruzi cell cycle stages based on cell
394 morphology and the localization of marker proteins for comparison with previous work on
395 promastigote Leishmania and trypomastigote T. brucei stages. Of these four
396 trypanosomatid forms, epimastigote T. cruzi appears to have the most asymmetric cell
397 division mechanism, producing a new-flagellum daughter cell only half the length of the
398 old-flagellum daughter cell body. We observed a significant difference in the division rates
399 of the two daughter cells in agarose microwells, which argues that this asymmetry impacts
400 the duration of the subsequent round of cell division. Most of the cytoskeletal and cell-
401 division proteins we studied have altered localization patterns compared to what is

402 observed in T. brucei (Fig 10). The tip of the growing new FAZ, which recruits many
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403  essential cytokinetic proteins such as such as TbTOEFAZ1, TbKLIF, and TbPLK in T.
404  brucei does not function as their primary localization point in T. cruzi. These proteins
405 appear to localize along the lengths of the old and new FAZ. The posterior end of the cell
406 recruits many of these cytokinetic proteins and may contain tubulin posttranslational
407 modifications that are confined to the FAZ in T. brucei. These changes likely reflect the
408 differing geometries that T. brucei trypomastigote and T. cruzi epimastigote cells adopt
409 during cell division, which put unique constraints on the timing and positioning of
410 duplicating organelles.

411 Work that predates the development of Cas9 editing in T. cruzi examined different
412  aspects of the epimastigote cell cycle, with an emphasis on flagellar pocket and nuclear
413  duplication [74], noted that the new flagellum appeared significantly shorter than the old
414  during the later stages of cell division. One point of difference is that the authors state
415 that the new flagellum length reaches near parity with the old flagellum prior to the
416  completion of cell division. In our experiments, the asymmetry present during the later
417  stages of cell division is carried on to the daughter cells, with the new-flagellum daughter
418 having a significantly shorter new flagellum and FAZ.

419 Labeling with the 1B41 antibody provides a useful method for tracking division in
420 T. cruzi. While the specific epitope of the antibody is still unknown, it appears to be a PTM
421  of beta tubulin. T. cruzi cells contain several MT structures that likely derived from the MT
422  rootlets found in the feeding apparatus of the free-living ancestor of the trypanosomatids,
423  including a second MT quartet and a MT triplet associated with the cytopharynx [24,25].
424  None of these MT structures appear to label with 1B41, suggesting that the FAZ-

425 associated MtQ is uniquely modified. It is currently unknown why the 1B41 signal
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426  partitions into the daughter cells asymmetrically, but it may reflect differences in the PTM
427  status of certain microtubule plus ends that selects them for incorporation into the new-
428 flagellum daughter cell posterior, while leaving the less-modified plus ends in the old
429 structure. It is possible that the 1B41 epitope facilitates recruitment of the proteins
430 responsible for duplicating the cell posterior. TcPLK localizes to the cell posterior just prior
431 to the appearance of the 1B41 signal, so the kinase may function as an upstream
432  regulator of this process. KLIF localizes to the cell posterior during late cytokinesis and
433 appears to resolve into two distinct foci, which suggests that the kinesin may be
434  responsible for sorting the MT plus ends into two discrete structures to complete
435 cytokinesis. This is consistent with the proposed function of KLIF in T. brucei, where
436 depletion of the motor leads to a block in assembly of a new cell posterior and
437  subsequently prevents cell division [69,70]. In trypomastigotes, formation of a new cell
438  posterior occurs de novo at a location which initially appears as a new focus of MT plus
439 ends that are subsequently gathered into a MT bundle to complete cell division [36]. In
440 epimastigotes, it appears that cell posterior assembly occurs at the site of the old posterior
441  and may involve the addition of MTs, followed by partitioning of the duplicated structure.
442 A previous survey of trypansomatid morphologies has suggested that cells with
443  detached flagella, termed “liberforms”, tend to undergo cell widening during cell division,
444  whereas cells with attached flagella, termed “juxtaforms” lengthen their cells as they
445  divide [7]. It was suggested that epimastigotes, which are juxtaforms, may employ a more
446  trypomastigote-like mechanism for cell division. Our results with T. cruzi suggest that
447  epimastigotes actually employ a liberform-like division mechanism. However, limiting the

448 length of the new FAZ, which would create a significant impediment to altering the shape
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449  of the cell body, may be necessary to widen the cell. This may explain the extreme
450 asymmetry of cell division in epimastigote T. cruzi.

451 In T. brucei, the tip of the new extending FAZ plays an important role in designating
452  the point of cleavage furrow ingression [11]. The tip is in close proximity to the old FAZ
453  and contains a host of proteins that are thought to play a role in triggering cytokinesis,
454  including the CIFs, TOEFAZ1, KLIF, and PLK. In T. cruzi epimastigotes, PLK localizes
455 along the old and new FAZ prior to moving to the cell posterior, while KLIF localizes to
456  both FAZ, then the cell posterior, followed by the cleavage furrow. While both of these
457  proteins remain cell-cycle regulated, TOEFAZ1 appears to be persistently expressed,
458 initially localizing to a position similar to where the new FAZ is assembled, then moving
459 along the ingressing furrow. In trypomastigote T. brucei, the extension of the new
460 flagellum and FAZ are tightly coordinated, with the FAZ extending 1-2 microns behind the
461  flagellum [75]. In T. cruzi epimastigotes, FAZ and flagellar growth are not tightly coupled,
462  as the new flagellum extends far beyond the end of the new FAZ. It is possible that using
463  the tip of the new FAZ to target the cytokinetic complex may be a feature exclusive to
464  cells with trypomastigote morphology.

465 The basal body protein TcSAS-6 appears to have a different localization pattern in
466  T. cruzi compared to other trypanosomatids. The protein is one of the earliest components
467  of the probasal body and is thought to establish the 9-fold symmetry of the organelle by
468  constructing a cartwheel-shaped structure at its base [55,76,77]. In T. brucei, depletion
469 of TbSAS-6 causes defects in probasal body assembly and blocks the production of a
470 new flagellum, causing growth arrest [56]. In some organisms, the cartwheel structure

471  breaks down during the completion of cell division, which leads to a loss in SAS-6 signal,
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472  although the cartwheel remains as a persistent component of the basal body in many
473  organisms including T. brucei [78]. In T. cruzi, TcCSAS-6 is present at the pro and mature
474  basal body early in the cell cycle, then moves to the bases of the assembling probasal
475 Dbodies. It then is restored to the mature basal bodies prior to cytokinesis while remaining
476  associated with the probasal bodies. This inheritance pattern is consistent with the
477  function of SAS-6 in probasal body assembly and may suggest that the new cartwheel is
478 assembled on the basal and probasal bodies after their duplication but prior to the
479  completion of cell division, so that the new probasal bodies can be assembled during the
480 subsequent round of division. While this would be different than what is observed in T.
481  brucei, earlier reports have shown that TbSAS-6 levels on the basal body fluctuate during
482  cell division, with higher levels in the probasal body during its assembly [79].

483 Our localization and morphology studies have highlighted significant differences in
484  T. cruzi epimastigote cell division compared to previously studied trypanosomatids. The
485 next step will be to determine if the changes in localization of proteins such as TcPLK and
486  TcKLIF reflect changes in their function. While knockout strategies are available in T.
487  cruzi, methods for targeting essential genes using conditional or inducible approaches
488 are still under development. It would also be interesting to localize these proteins in T.
489  brucei epimastigotes to determine if they retain the localization pattern seen in
490 trypomastigotes or if their morphotype alters the patterns. Currently, T. brucei
491 epimastigotes can only be isolated directly from the insect host [31,33]. As the ancestral
492  trypanosomatid likely had a promastigote-like morphology, its cell division mechanism
493  served as a starting point for diversification as organisms moved into new hosts [80]. The

494  trypomastigote form appears to be primarily an adaptation to survival within the
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495 bloodstream of vertebrate hosts, which has made it a focus of much of the previous work
496 on trypanosomatids. However, with a better understanding of the range of morphologies
497  present among these organisms and the tools for sequencing and manipulating them, a

498  broader understanding of their cell division pathways is now feasible.
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510 Materials and methods

511 Cell culture and growth curves

512  Cells used for all experiments were T. cruzi Y strain epimastigotes were cultured in LDNT
513 medium (0.5% Oxoid neutralized liver digest (ThermoFisher Scientific, Waltham, MA), 68
514 mM sodium chloride (ThermoFisher Scientific)) 70 mM Tryptone (ThermoFisher
515  Scientific), 5 mM potassium chloride (ThermoFisher Scientific), 58 mM sodium phosphate
516 dibasic (ThermoFisher Scientific), 11 mM glucose (ThermoFisher Scientific), 25 uM
517  Hemin (Sigma-Aldrich, St. Louis, MO), gentamicin (25 pg/mL) (ThermoFisher Scientific),
518 10% heat inactivated fetal bovine serum (Bio-Techne), penicillin-streptomycin (100U/mL)
519 (ThermoFisher Scientific), pH 7.2) at 27 °C. For selecting cell lines, blasticidin was used
520 at 100 pg/mL and G418 at 500 pug/mL. Cell counts were obtained with a Z2 Coulter
521 Counter (Beckman Coulter, Brea, CA). Growth curves were performed in triplicate
522 seeding a culture of cells at 2x108 cells/mL. Cell counts were obtained every 24 h for 9 d
523  with reseeding 2x10° cells/mL into fresh flasks and media every 3 d.

524

525 Calculation of cell cycle timing

526 In order to calculate relative time spent in each cell cycle intermediate, a method
527  previously described [37,54]was employed to account for an asynchronous logarithmic
528 culture growth of cells that divide by binary fission with the equation:

529 = tln (1_%}])

*“h
530 In this equation, x= the time through the cell cycle, y= proportion of cells preceding and
531 including the cell cycle stage in question, and t= cell cycle length.

532
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533 Cloning and cell line assembly

534 Cas9 and T7 RNA polymerase expressing cells were generating using a pLEW13-Cas9
535 plasmid provided by Martin Taylor (London School of Hygiene and Tropical Medicine,
536 London, United Kingdom) as previously described [17]. Healing constructs for gene
537 tagging were generated by PCR using gene-specific primers with 30 bp homology
538 flanking the CRISPR-Cas9 cut site. A base plasmid containing a blasticidin resistance
539 marker, an intergenic sequence isolated from T. brucei, and a 3xTy1 epitope tag fused to
540 a mNeonGreen fluorescent protein was employed as a template for PCR to generate all
541 healing constructs All proteins studied here were tagged as closely to the N-terminus as
542 allowed by available CRISPR-Cas9 cut sites. PCRs to generate the healing constructs
543  were performed in triplicate, pooled and purified with a Zymo Research DNA Clean and
544  Concentrator kit (Genesee Scientific, San Diego, CA) and resuspended in 25 pL of ultra-
545  pure water (Genesee).

546

547 sgRNAs were prepared with a gene specific forward primer with target site determined by

548 Eukaryotic Pathogen CRISPR guide RNA/DNA Design tool (http://grna.ctegd.uga.edu/)

549 using the T. cruzi Y C6 Pacbio genome assembly [14,15]. sgRNA was amplified in
550 triplicate as previously described[81]. sgRNA PCRs were pooled and purified with a Zymo
551 Research DNA Clean and Concentrator kit (Genesee Scientific) and resuspended in 25
552 uL of Ultra-Pure Water (Genesee). Purified sgRNA was pooled with corresponding
553  purified healing template for a total of 50 pL. Primers used in this study can be found in
554 S1 Table.

555
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556  5x107 cells expressing SpCas9 and T7 RNA polymerase from a logarithmically growing
557 culture were harvested by centrifugation at 800xg for 5 min at 4 °C. Cells were
558 resuspended in 225 pL nucleofection buffer (90 mM sodium phosphate dibasic, 5 mM
559  potassium chloride, 0.15 mM calcium chloride hexahydrate, 50 mM HEPES). Pooled
560 sgRNA and healing template were added to the cell suspension and nucleofected using
561 a Lonza Nucleofector 2b (Lonza, Basel, Switzerland) using program X-014. Cells were
562 addedto 10 mL LDNT media without selection markers. 24 h post nucleofection, selection
563  marker was added to the cells. Once a polyclonal bulk culture was established, cells were
564  plated for clonality by serial dilution.

565

566 Immunofluorescence

567 Cells were fixed in media with an equivalent volume of 8% PFA in PBS (4% final
568 concentration) for 20 min at RT. Cells were then centrifuged at 800xg for 5 min at RT and
569 washed once in 1 mL of PBS. Cells were centrifuged onto coverslips at 800xg for 5 min
570 4 °C. Coverslips were then inverted onto a solution of 0.5% NP-40 in PBS for 5 min,
571 followed by 3x5 min washes in PBS. Cells were incubated in blocking buffer (5% goat
572 serum (Gibco, ThermoFisher Scientific, Waltham, MA) in PBS) followed by 3x5 min
573 washes in PBS. Coverslips were incubated in primary antibody in blocking buffer for 1 h
574  at RT followed by 3x5 min washes in PBS. Coverslips were then incubated in secondary
575 antibody in blocking buffer for 1 h at RT followed by 3x5 min washes in PBS and then
576  mounted in Fluoromount G with DAPI (Southern Biotech, Birmingham, AL).

577

578 Ultrastructure expansion sample preparation
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579  1x10° cells per gel were fixed in solution by adding 2X fixative solution (1.4% PFA, 2%
580 Acrylamide, 2X PBS) 1:1 to cells in media. Cells were spun 1000xg for 10 min at RT.
581 Cells were resuspended in 750 uL 1X fixative solution (0.7% PFA, 1% acrylamide, 1X
582 PBS) and spun again 1000xg for 10 min at RT. Cells were resuspended in 500 pL of 1X
583 fixative solution and spun down onto 12 mm coverslips by briefly centrifuging at 800xg at
584 4 °C. Coverslips were inverted onto 100 pL of 1X fixative solution in a humidified chamber
585 and incubated at 37 °C for 3.5 h. Slips were inverted onto 40 pL of gelation solution (19%
586 sodium acrylate, 10% acrylamide, 2% Bis, 1xPBS). 40 uL of fresh gelation solution was
587 added to 0.5 mL centrifuge tubes. 2 pyL of 10% tetramethylethylendiamine (TEMED),
588 followed by 2 uL of ammonium persulfate (APS) were added to the 40 pL gelation solution
589 to initiate polymerization. The tube was vortexed briefly, then the solution was pipetted
590 onto 18 mm coverslips. Cells on 12 mm coverslips were then inverted onto the activated
591 gelation solution. Slips were placed at 37 °C to fully polymerize for 1 hin a 12 well plate.
592 1.5 mL denaturation buffer (200 mM SDS, 200 mM NaCl, 50 mM Tris) was added to the
593 wells and placed on a rocker at RT for 15 min. Gels were removed from cover slips and
594  placed in a 1.5 mL tube with 1 mL denaturation buffer. Gels were denatured at 95 °C for
595 30 min. Gels were poured into 150 mm petri dishes filled with DI water and allowed to
596 expand for 30 min at RT. Water was exchanged for fresh DI water and allowed to expand
597 overnight. The next day, gels were shrunk in 1X PBS for 30 min. Gels were transferred
598 to a 6 well plate and 300 uL of primary antibody in blocking buffer (2% BSA in 1X PBS)
599 was added and allowed to incubate on a rocker for 8 h. Gels were washed 3%x10 min in
600 PBS-Tween on a rocker. 300 pL of secondary antibody in blocking buffer was added and

601 allowed to incubate at 37 °C with gentle agitation overnight. Gels were washed 3x10 min
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602 in PBS-Tween on rocker. Gels were then re-expanded in DI water with 2 water changes
603 every 30 min. Next day, a 10 mm diameter gel slice was excised and placed in a MatTek
604 35 mm dish, No. 1.5 Coverslip, 10 mm Glass Diameter (MatTek Corporation, Ashland,
605 MA) coated with Poly-D-Lysine (Thermo Fisher Scientific) for imaging.

606

607 Antibodies

608 The following primary antibodies and dilutions were used in these experiments: anti-Ty1
609 (1:1,000 for IF and western blotting, 1:10 for U-ExM) from Sebastian Lourido
610 (Massachusetts Institute of Technology, Boston, MA), 1B41 (1:1,000 for IF) from Linda
611 Kohl (Centre National de la Recherche Scientifique, Paris, France), TAT1 (1:10,000 for
612 IF, 1:100 for U-ExM) from Jack Sunter (Oxford Brookes University, Oxford, United
613  Kingdom), anti-polyglutamylation GT335 (1:25,000 for IF) (Adipogen, San Diego, CA),
614  anti-polyglutamate chain IN105 (1:10,000 for IF) (Adipogen), 20H5 (1:1000 for IF) from
615 EMD Millipore.

616

617 Secondary antibodies were used in these experiments. All dilutions for IF were 1:1000,
618 U-ExM were 1:100, and western blotting were 1:10,000. Goat anti-mouse 1gG1 Alexa
619  Fluor 488 (Thermo Scientific), Goat anti-mouse IgM Alexa Fluor 488 (Thermo Scientific),
620 Goat anti-mouse IgG2a Alexa Fluor 568 (Thermo Scientific), Goat anti-rat IgG H&L Alexa
621  Fluor 568 (Thermo Scientific), Goat anti-rabbit IgG Alexa Fluor 568, Goat anti-mouse IgG
622  (H&L) HRP (Thermo Scientific).

623

624 Immunofluorescence microscopy
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625 |IF images were obtained on a Zeiss Axio Observer Z1 microscope (Carl Zeiss
626  Microscopy, Oberkochen, Germany) using a 100x/1.4 NA Plan Aprochromat objective
627 lens. Images were captured using an ORCA-Flash 4.0 V2 sCMOS camara (Hamamatsu,
628  Shizouka, Japan) with Slidebook 6 microscopy software (Intelligent Imaging Innovations
629 Inc.)

630

631 SoRa microscopy

632  Ultrastructure expansion gels were imaged on a Nikon Eclipse Ti2 microscope (Nikon
633 Instruments, Melville, NY) equipped with a Yokogawa CSU-W1 SoRa super resolution
634 confocal scanning unit (CSU-W1, Yokogawa Electric, Musashino, Japan) and a
635 Photometrics Prime BSI sCMOS camera (Teledyne Photometrics, Tucson, AZ) using a
636 CFl APO TIRF 60x 1.49 oil objective (Nikon Instruments). Images were taken as a z-
637 stack at 0.1 um per step. Images were denoised using Nikon NIS-elements software and
638 deconvoluted using Richardson-Lucy deconvolution.

639

640 Generating agarose microwells

641 PDMS stamps and agarose microwells were fabricated as previously described, for a final
642  concentration of 3.5% SeaPlaque agarose (Lonza, Basel, Switzerland) in LDNT media
643  [72]. Microwell dimensions used in these studies were 50x50x6 um. Prepared agarose
644  grids were stored at 4 °C for up to one week with sufficient LDNT media to prevent drying
645 out.

646

647 Live cell plating and imaging
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648 1 mL of T. cruzi cells expressing Cas9 and the T7 polymerase at 1x107 cells/mL density
649  were centrifuged at 800xg for 5 min at RT. Cells were resuspended in 1 mL fresh LDNT
650 media with 100 uM reduced L-glutathione (Sigma-Aldrich, St. Louis, MO). 125 pL of cells
651 containing 1.25x108 cells were plated in a Lab-Tek Il chambered coverglass #1.5
652 Borosilicate chamber (Nunc International, Rochester, NY). A cut-to-fit agarose grid was
653 inverted onto the cells and the chamber sealed as previously described. Imaging chamber
654  was placed into a live-cell imaging insert (Oko labs) set to 27 °C and mounted on a Zeiss
655  Axio Observer Z1 microscope using a 20%/0.8 NA Plan Aprochromat objective lens. Cells
656  were imaged every 10 minutes for 48 h with 30 ms exposures. In order to compensate
657  for focus drift over long-term imaging, a Definite Focus 2 system (Carl Zeiss Microscopy)
658 was employed. Images were captured using an ORCA-Flash 4.0 V2 sCMOS camara with
659  Slidebook 6 microscopy software.

660

661 Microscopy analysis

662 All microscopy images were analyzed with Imaged (National Institutes of Health,
663 Bethesda, MD). Figures for publication were prepared in Adobe Photoshop and lllustrator
664 (Creative Cloud 2022).

665

666  Statistical analysis

667  Statistical analysis and graphs were generated using GraphPad Prism 9 software version
668 9.1.1 (GraphPad Software). For morphometric analysis, one-way ANOVA analysis was
669 performed to identify significant differences (p<0.05) between cell cycle intermediates for

670 each morphometric measurement. For live-cell analysis, a Power analysis was performed
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671 to ensure sufficient n was performed to ensure conclusion was reasonable. For live-cell
672 differential daughter division times, an unpaired two-tailed students t-test was performed
673 to determine if differences observed was statistically significant at the p<0.05 significance
674 level. All graphical data was plotted using SuperPlots to show variability among biological
675 replicates [82].

676
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677

678 Fiqure Legends

679 Fig 1. The morphotypes of Trypanosoma cruzi. All 7. cruzi morphotypes contain a
680 flagellum that is nucleated from a basal body which is docked to the membrane of the
681 flagellar pocket. The basal body is also connected to the kinetoplast, which is the
682 mitochondrial DNA aggregate. The shape of the cell bodies is defined by a set of
683  subpellicular MTs that underlie the plasma membrane (depicted only in the epimastigote
684  form). In the epimastigote and trypomastigote forms, the flagellum emerges onto the cell
685 surface and is attached to the cell body by the flagellum attachment zone (comprising the
686 MtQ and FAZ filament), both of which extend towards the anterior end of the cell body.
687 The primary morphologic difference between epimastigotes and trypomastigotes is the
688  positioning of the kinetoplast-basal body-flagellar pocket, which is posterior to the nucleus
689 in epimastigotes and anterior in trypomastigotes.

690

691 Fig 2. T. cruzi epimastigotes incorporate tubulin PTMs at the cell posterior during
692 cell division. Epimastigote cells carrying a 3xTy1-mNeonGreen::TcFAZ25 allele were
693 fixed and labeled with 1B41 to label the FAZ and posterior punctum (1B41, magenta),
694 anti-Ty1 to label FAZ25 (TcFAZ25, green), and DAPI to label DNA (DNA, blue). Cells
695 were then imaged using epifluorescence and DIC microscopy. (A) Very small 1N1K cells
696 carried a 1B41 punctum at their cell posterior, which was much weaker or absent in larger
697 1N1Kcells (B). (C) The new FAZ was appeared on the dorsal side of the cell and labeled
698 was FAZ25 and 1B41 positive. 1B41 signal appeared at the posterior end at this point.

699 (D) As the new FAZ and flagellum extended, the posterior 1B41 punctum increased in
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700 brightness. (E) Once the cell has begun cytokinesis, the 1B41 punctum is present at the
701  extreme posterior of the cell body. The new-flagellum daughter cell appears to inherit a
702  much shorter new FAZ and flagellum than the old-flagellum daughter. Asterisks highlight
703  the 1B41 posterior punctum labeling, while the arrowheads identify the new FAZ.

704

705 Fig 3. Defining and quantifying morphogenic intermediates in T. cruzi epimastigote
706 cell division. (A) Morphogenic intermediates were defined by the presence of a 1B41
707 punctum and if they were the new flagellum or old flagellum daughter (new-flagellum
708 puncta: NF Puncta; old-flagellum puncta: OF puncta), or their nuclear, kinetoplast, and
709 flagellum state (xNxKxF). Note that all cells that have begun to flagellar duplication are
710 labeled with a 1B41 punctum. (B) Cell counts over 9 d were used to calculate the cell
711  division time of the Cas9-T7 epimastigote cells line. (C) Graph depicting the percentages
712 of cells in each state as defined in (A). (D) Using the length of the cell cycle as measured
713  in (B) and the percentages of cells in different cell cycle states measured in (C) allows
714  the calculation of the time that the parasites spend in each state that was defined in (A).

715

716 Fig 4. Quantitation of changes to cell morphology over the course of T. cruzi
717  epimastigote cell division. (A) Cells were fixed and stained with 1B41 to label the FAZ
718 and posterior punctum and DAPI to label DNA. The cells were then imaged using
719  epifluorescence and DIC microscopy, followed by measurement of all the cell features
720 depicted in this schematic. All graphs were generated as SuperPlots, where each
721 independent experiment is shown in a separate color, with the large circles represent the

722 mean of each independent experiment, and black lines represent the mean and the
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723 standard deviation. (B) Measurements of total cell lengths, which includes flagellar
724  overhang, broken down into the cell division categories defined in Fig 3A. (C)
725 Measurements of cell body lengths, broken down into the cell division categories defined
726  in Fig 3A. (D) Measurements of the distance between the cell posterior and the nucleus,
727  broken down into the cell division categories defined in Fig 3A. (E) Measurements of the
728 distance between the cell posterior to the kinetoplast, broken down into the cell division
729  categories defined in Fig 3A. (F) Measurements of the length of the old FAZ, broken down
730 into the cell division categories defined in Fig 3A. (G) Measurements of the length of the
731 old flagellum, broken down into the cell division categories defined in Fig 3A. (H)
732  Measurements of the width of the cell body, broken down into the cell division categories
733 defined in Fig 3A. (I) Table showing significance levels between each pair- wise
734  comparison. Statistical analysis was done by one-way ANOVA. ns = not significant, * p <

735 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001.

736 Fig 5. The new FAZ does not reach length parity with the old FAZ prior to the
737 completion of cell division. (A) Cells were fixed and stained with 1B41 to label the FAZ
738 and posterior punctum and DAPI to label DNA. The cells were then imaged using
739  epifluorescence and DIC microscopy, followed by measurement of all the cell features
740 depicted in this schematic. All graphs were generated as SuperPlots, where each
741 independent experiment is shown in a separate color, with the large circles represent the
742 mean of each independent experiment, and black lines represent the mean and the
743  standard deviation. (B) Measurements of the length of the new FAZ as cells progress
744  through cell division. (C) Measurements of the length of the new flagellum as cells

745  progress through cell division. (D) Ratio of the length of the new FAZ to the old FAZ as
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746  cells progress through cell division. (E) Ratio of the length of the new flagellum to the old
747  flagellum as cells progress through cell division. Statistical analysis was done by one-way

748 ANOVA ****p < 0.0001.

749

750 Fig 6. TcSAS-6 levels fluctuate on the basal body during cell division. (A) Cells
751  carrying a 3xTy1-mNeonGreen::TcSAS-6 allele were fixed and labeled with 1B41 (1B41,
752 magenta) to label the FAZ and posterior punctum, anti-Ty1 (TcSAS-6, green) to label the
753  basal body, and DAPI to label DNA (DNA, blue). The cells were then imaged using
754  epifluorescence and DIC microscopy. Inserts show a 3X enlargement of the basal body
755  region. The empty arrowheads identify the new flagellum; the asterisks highlight the 1B41
756  posterior punctum. (B) Cells carrying a 3xTy1-mNeonGreen::TcSAS-6 allele were fixed
757  and processed for U-ExM. Samples were labeled with anti-Ty1 (TcSAS-6, green) to label
758 the basal body and TAT1 anti-tubulin antibody (Tubulin, magenta) to label the tubulin-
759 containing structures within the cell. The samples were then imaged using SoRa
760 superresolution microscopy. Boxed insets are a 3X magnification of the basal body
761  region. The empty arrowheads identify the mature basal body, while the filled arrowheads
762  identify the probasal body. Scale bars: 10 um.

763

764  Fig 7. TcTOEFAZ1 localizes to the ventral side of the flagellum is expressed during
765  all cell stages (A) Cells carrying a 3xTy1-mNeonGreen::TcTOEFAZ1 allele were fixed
766  and labeled with 1B41 to label the FAZ and posterior punctum (1B41, magenta), anti-Ty1
767 tolabel TcTOEFAZ1 (TcTF1, green), and DAPI to label DNA (DNA, blue). The cells were

768 then imaged using fluorescence and DIC microscopy. The asterisks identify the 1B41
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769  posterior punctum. (B) Cells carrying a 3xTy1-mNeonGreen:: TcTOEFAZ1 allele were
770 fixed and processed for U-ExM. Samples were labeled with anti-Ty1 to label TOEFAZ1
771  (TcTF1, green) and TAT1 anti-tubulin antibody to label the tubulin-containing structures
772 within the cell (Tubulin, magenta). The samples were then imaged using SoRa super-
773  resolution microscopy. Boxed insets are a 3X magnification of the basal body region. The
774  empty arrowheads point toward the new flagellum. Scale bars: 10 ym.

775

776  Fig 8. TcPLK and TcKLIF localize to the FAZ and the posterior punctum during cell
777  division. (A) Cells carrying a 3xTy1-mNeonGreen:: TcPLK allele were fixed and labeled
778  with 1B41 to label the FAZ and posterior punctum (1B41, magenta), anti-Ty1 to label
779  TcPLK (TcPLK, green), and DAPI to label DNA (DNA, blue). The cells were then imaged
780 using fluorescence and DIC microscopy. Asterisks identify the 1B41 posterior punctum,
781  empty arrowheads show TcPLK recruitment to the cell posterior, and the filled arrowhead
782 shows TcPLK localization to the basal body. (B) Cells carrying a 3xTy1-
783 mNeonGreen:: TcKLIF allele were fixed and labeled with 1B41 to label the FAZ and
784  posterior punctum (1B41, magenta), anti-Ty1 to label TcKLIF (TcKLIF, green), and DAPI
785 tolabel DNA (DNA, blue). Asterisks show the 1B41 posterior punctum, empty arrowheads
786  show TcKLIF location to the cell posterior, filled arrowheads show TcKLIF localization to
787 the FAZ, and arrows show TcKLIF localization to the ingressing furrow.

788

789  Fig 9. T. cruzi daughter cells divide at different rates. (A) T. cruzi epimastigotes cells
790 were confined in agarose microwells and then imaged using DIC microscopy. Images

791  were taken every 10 min for 2 d. Wells containing one cell were identified and the timing
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792  of the first round of division was noted. The time that each daughter cell took to complete
793  a subsequent round of division was recorded. Images show representative still shots of
794 live T. cruzi cells undergoing division. In this example, over 220 minutes (3 h, 40 min)
795 elapsed between the division of the first daughter cell and the second. (B) Staircase plot
796  showing the timing of the first and second daughter cell divisions. T1/2 for division 1 was
797  12.8 h, while T+ for division 2 was 17.7 h. (C) Plot showing direct comparison of daughter
798 cell division rates. Each line represents daughter cell division times from the same
799  progenitor cell. Cell comparisons are color coded to depict cells imaged in the same live-
800 cell imaging run.

801

802 Fig 10. Model describing the different stages of epimastigote T. cruzi cell division
803 described in this work. (I) At the end of cytokinesis, two types of cells are observed:
804 new flagellum daughters (NF Puncta) that are smaller, have a shorter flagellum and FAZ,
805 and a more intense posterior punctum staining with 1B41 and KLF when compared to the
806 old flagellum daughters (OF Puncta). In both cell types the pro and mature basal bodies
807 are labeled with SAS-6 and TOEFAZ1 is present on the dorsal side of the flagellum. (ll)
808 Once the new flagellum daughter has extended its FAZ and flagellum, the two daughter
809 cells are indistinguishable. The posterior punctum labeling disappears entirely. As the cell
810 begins to divide, PLK is present on the basal body. TOEFAZ1 still labels the dorsal region.
811  (lll) As the new flagellum is assembled, both PLK and 1B41 labeling become apparent at
812  the cell posterior. PLK is present along the FAZ as well. SAS-6 labeling appears primarily
813  associated with the probasal bodies. The cell begins to widen along its short axis. As the

814 new flagellum and FAZ continue to grow, the KLIF labeling appears at the site where the


https://doi.org/10.1101/2023.05.24.542100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.24.542100; this version posted May 25, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

815 cleavage furrow will initiate from and is also present at the posterior punctum. TOEFAZ
816 is recruited to cleavage furrow ingression point. Cell widening continues, while the cell
817  posterior shortens along its long axis. (IV) As cytokinesis begins, the posterior punctum
818 s labeled with 1B41, PLK, and KLIF and begins to resolve into two discrete structures.
819 KLIF and TOEFAZ are present at the ingressing cleavage furrow, while PLK is present
820 on both FAZ. SAS-6 labeling reappears at the mature basal body.

821

822

823

824
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1072 Supplemental Figure legends

1073  $1 Fig. Antibodies against established tubulin post-translational modifications do
1074 not label the 1B41-positive posterior punctum. T. cruzi cells were fixed, then labeled
1075  with anti-tyrosinated tubulin (YL1/2), polyglutamylated tubulin (GT335 or IN105), or
1076  acetylated tubulin (6-11 B-1), followed by secondary antibodies conjugated to Alexa488,
1077 and DAPI to label DNA. Cells were then imaged using epifluorescence and DIC
1078  microscopy.

1079

1080 S2 Fig. The parental T. cruzi Y strain cell line and the T. cruzi Brazil A4 strain both
1081 show asymmetric cell division and a 1B41-positive punctum at the cell posterior.
1082 (A) The parental T. cruziY strain used for making all the tagged cell lines in this work was
1083 fixed and then labeled with 1B41 antibody, followed by fluorescently conjugated
1084 secondary antibodies and DAPI to label the DNA. The cells were imaged using
1085 immunofluorescence and DIC microscopy. Asterisks highlight the 1B41 posterior
1086  punctum labeling, while the arrowheads identify the new FAZ. (B) Measurements of the
1087 total cell length as defined in Fig 4A. (C) Measurements of the cell body length as defined
1088 in Fig 4A (D) Measurements of the Old FAZ length as defined in Fig 4A (E) Measurements
1089 of the posterior to nucleus distance as defined in Fig 4A. (F) Measurements of the
1090 posterior to kinetoplast distance as defined in Fig 4A (G) Measurements of the cell body
1091 with as defined in Fig 4A. (H) T. cruzi Brazil A4 strain cells were fixed and labeled with
1092 1B41, followed by fluorescently conjugated secondary antibodies and DAPI to label the
1093 DNA. The cells were then imaged using immunofluorescence microscopy.

1094
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1095 S3 Fig. TcSAS-6 does not persistently label the pro- and mature-basal body in T.
1096 cruzi epimastiogtes. (A) Cells carrying a 3xTy1-mNeonGreen::TcSAS-6 allele were
1097 fixed and labeled with anti-Ty1 and 20H5 to label SAS-6 and TcCentrin2, followed by
1098 fluorescently labelled secondary antibodies and DAPI to label DNA. The cells were then
1099 imaged using immunofluorescence microscopy. Insets show a 3X magnification of the
1100 basal body regions. (B) Cells carrying a 3xTy1-mNeonGreen::TcSAS-6 allele were fixed
1101  and then incubated with DAPI to label the DNA. The innate mNeonGreen fluorescence
1102  was then imaged using epifluorescence microscopy.

1103

1104 S4 Fig. Western blotting validation of the tagged cell lines used in this work. The
1105 KLIF, PLK, FAZ25, TOEFAZ1, and SAS-6 cell lines endogenously tagged with 3X Ty1-
1106 mNeonGreen were harvested and then lysed in SDS-PAGE loading buffer, followed by
1107 fractionation using SDS-PAGE. Fractionated lysates were transferred to nitrocellulose
1108 and probed with anti-Ty1 antibody.

1109

1110 S1 Movie. T. cruzi epimastigote cell division produces daughter cells with very
1111  different rates of subsequent division events. T. cruzi Y strain cells expressing Cas9
1112 and T7 polymerase were plated in 50x50x6 ym agarose microwells and imaged with a
1113  20x/0.8 NA lens. DIC images were captured every 10 min for 48 h. Video depicts images
1114  portrayed in Fig 9A.

1115

1116  S1. Table. All the primers that were used to generate gDNAs and the healing

1117 constructs for gene tagging.
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